Humans share with seals the ability to contract the spleen and increase circulating hematocrit, which may improve apneic performance by enhancing gas storage. Seals have large spleens and while human spleen size is small in comparison, it shows great individual variation. Unlike many marine mammals, human divers rely to a great extent on lung oxygen stores, but the impact of lung volume on competitive apnea performance has never been determined. We studied if spleen-and lung size correlated with performance in elite apnea divers. Volunteers were 14 male apnea world championship participants, with a mean (SE) of 5.8 (1.2) years of previous apnea training. Spleen volume was calculated from spleen length, width, and thickness measured via ultrasound during rest, and vital capacity via spirometry. Accumulated competition scores from dives of maximal depth, time, and distance were compared to anthropometric measurements and training data. Mean (SE) diving performance was 75 (4) m for constant weight depth, 5 min 53 (39) s for static apnea and 139 (13) m for dynamic apnea distance. Subjects' mean height was 184 (2) cm, weight 82 (3) kg, vital capacity (VC) 7.3 (0.3) L and spleen volume 336 (32) mL. Spleen volume did not correlate with subject height or weight, but was positively correlated with competition score (r = 0.57; P < 0.05). Total competition score was also positively correlated with VC (r = 0.54; P < 0.05). The three highest scoring divers had the greatest spleen volumes, averaging 538 (53) mL, while the three lowest-scoring divers had a volume of 270 (71) mL (P < 0.01). VC was also greater in the high-scorers, at 7.9 (0.36) L as compared to 6.7 (0.19) L in the low scorers (P < 0.01). Spleen volume was reduced to half after 2 min of apnea in the highest scoring divers, and the estimated resting apnea time gain from the difference between high and low scorers was 15 s for spleen volume and 60 s for VC. We conclude that both spleen-and lung volume predict apnea performance in elite divers.
INTRODUCTION
Humans have the ability to contract the spleen during diving and increase circulating hematocrit (Hurford et al., 1990 ) which seems to prolong apneas when performed in series (Schagatay et al., 2001 ). This response is well known in seals, where spleen size varies greatly between species and in some deep divers like the Weddell seal it is exceptionally large with the ability to store 2/3 of the body's erythrocytes during rest (Qvist et al., 1986) . In highly aerobic species like the horse and the dog, the spleen contracts and elevates hematocrit during exercise (Barcroft and Stevens, 1927) . The human spleen also contracts, increasing circulating Hb and Hct during both apnea (Schagatay et al., 2001 ) and exercise (Laub et al., 1993; Stewart and McKenzie, 2002) , which will increase blood gas storage capacity. The spleen contraction is probably active, i.e., not due to reduced blood flow to the organ (Bakovic et al., 2003) and the reversible elevations of Hct and Hb are not due to hemoconcentration by extravasation of plasma (Schagatay et al., 2001) . Spleen size shows great individual variation in humans (Prassopoulos et al., 1997) , and also its ability to contract appears to vary between individuals but it has never been determined whether these factors correlate with individual apneic diving ability.
The sport Apnea has developed during the past 15 years, and involves disciplines with the aim to reach the greatest possible depth, immersion time and horizontal distance under water, and serves as a good model for studying maximal apneic diving performance in humans. The ability to perform extended apnea depends mainly on three factors: (1) the total body gas storage capacity in lungs, blood, and tissues; (2) asphyxia tolerance, or the tolerable levels of hypoxia and hypercapnia as determined by, e.g., brain hypoxia tolerance and the CO 2 buffering capacity; and (3) metabolic rate, which is determined mainly by work economy and the ability to restrict metabolism via the diving response. A large spleen with the ability to eject a great quantity of stored erythrocytes into circulation would be beneficial for apneic duration both by increasing blood oxygen storage and enhancing buffering capacity, and an important part of oxygen storage in humans is the lung supply.
A way to increase gas storage capacity would be to maximize lung volume, thereby increasing oxygen stores and also allowing www.frontiersin.org more CO 2 to be transferred to the lungs during apnea via dilution effect. In addition, large lungs with small residual volume (RV) also help the diver to attain greater depth without risking "squeeze," as the depth at which compression to RV is reached would be greater. Increased lung volume furthermore facilitates equalization of middle ears and sinuses. Breath-hold divers are known to overfill their lungs before diving via buccal pumping or "lung packing" (Örnhagen et al., 1998) , i.e., by pumping air into the lungs via a swallowing motion. However, there are also negative effects of large lung volume including increased buoyancy as well as a high intra-thoracic pressure, with a negative effect on venous return and increased risk of syncope . The diving response, known to limit metabolism during diving, may also be decreased by a large inspired lung volume (Andersson and Schagatay, 1998a,b) , and over filling of the lungs could, by counteracting the diving response, elevate metabolism during diving, at least while the diver is not at depth. Trained apnea divers have previously been reported to have large lungs (Carey et al., 1956) suggesting that the positive effects may outweigh the disadvantages. However, the lungs of typical marine mammals are no larger than those of terrestrial, and, e.g., the deep diving Weddell seal exhales before diving in order to avoid excess nitrogen loading, and relies mainly on blood-and tissue (mainly muscle myoglobin) oxygen storage during diving (Butler, 2001) . Conversely, competitive apneists are known to train to increase lung volume, by stretching and lung packing maneuvers (Örn-hagen et al., 1998) , but to our knowledge no systematic study of the effect of lung volume on competitive apnea diving performance in elite apneists has been performed.
We therefore aimed to compare spleen and lung volume, two possible dive-prolonging characteristics, to the individual scores in an apnea world championship competition. We hypothesized that scores in the competition would be positively correlated with both spleen and lung volume.
MATERIALS AND METHODS

PARTICIPANTS AND SETTING
This study complied with the Declaration of Helsinki and the methods used had been approved by the local human ethics board. Information about the study was posted in the competition area of the championship. Fourteen male subjects from 10 different nations volunteered for the study and, after receiving more detailed information about the study, signed an informed consent form. Their mean (SE) age was 29 (2) years, and several were individual world record holders. The participants had an average of 5.8 (1.2) years of experience in apnea training. Their total apnea training load averaged 6.2 (0.6) h/week and other physical training 6.3 (0.7) h/week in the month leading up to the competition. Apnea training varied between individuals, but always included serial and maximal static dry and immersed apneas, walking apnea and dynamic apneas in a pool, and, for the weeks leading up to the competition, dynamic deep diving on a line in the sea or a lake. Physical training mainly included endurance training like swimming, running and cycling, which some divers combined with strength training of major swimming muscles. Anthropometric and training data is presented in Table 1 . The apnea competition involved accumulation of points from dives of maximal depth, time and horizontal distance for a total score ( Table 2) . In competitive apnea, points are gained in direct relation to depth, time, and distance in the respective disciplines, producing an overall score that renders the winner by adding up the scores from three disciplines. The three disciplines were Constant weight deep diving with fins, where 1 m depth generates 1 point, Static apnea, where 5 s generates 1 point, and Dynamic apnea with fins, where 2 m yields 1 point. The total score was used as a representation of individual overall diving performance.
MEASUREMENTS
Subjects arrived at the laboratory after at least 45 min without apnea, physical activity, or eating. Ambient temperature was 23-25˚C. Vital capacity (VC) in the standing position, without lung packing, was measured three times (Microlab spirometer, Micro Medical Ltd., Kent, UK). Subjects' height and weight were also measured and training data collected. Spleen measurements were obtained via ultrasonic imaging (Mindray DP-6600, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China) using the following protocol: Divers were semi-seated vertically on an elevated stool for approximately 3 min while the site for spleen measurements was identified from the dorsal side, followed by measurement of spleen maximal length, width, and thickness every minute for 7 min. From these triaxial measurements of length (L), width (W), and thickness (T), spleen volume was calculated using the Pilström formula: Lπ (WT − T 2 )/3 .
In order to estimate the contribution of the expelled blood volume to resting apneic duration, the three highest scoring divers were asked to perform a time limited apnea of 2 min, to determine their magnitude of spleen contraction, in addition to the baseline measurements. This short apnea was performed in the sitting position without prior hyperventilation. Triaxial spleen measurements were obtained every minute before the apnea and after the apnea to obtain a recovery profile.
ANALYSIS
To obtain an individual baseline measurement of spleen volume, the mean of the two largest subsequent volume measurements recorded during the 7 min resting period was used, this was done Frontiers in Physiology | Aquatic Physiology Table 2 | Disciplines and explanation of some special terms used in sports apnea (see also Schagatay, 2009 Schagatay, , 2010 Schagatay, , 2011 .
Constant weight
Competition discipline with the goal to swim the deepest vertically and back to the surface, using fins and the same weights, on one breath
Static apnea Competition discipline with the goal to remain maximal duration resting under water in a pool on one breath Dynamic apnea Competition discipline with the goal to swim the longest distance horizontally under water in a pool using fins, on one breath Squeeze Barotrauma of e.g. ears, sinuses or lungs when gas volumes change due to changes in hydrostatic pressure with depth
Blood shift When blood pools in the vessels of the thorax, replacing the air volume lost during lung compression at depth, which will counteract lung squeeze
Free-fall Method used by deep divers to limit energy expenditure; they stop swimming when reaching negative boyancy at depth Lung packing Overfilling the lungs beyond TLC by using the glossopharynx as a pump to minimize the influence of measurement error due to slight changes in probe placement, and to limit the influence of the pulsatile changes in spleen volume. With measurements of VC the largest of the three measurements was used in the analysis, which is the standard procedure to limit the influence of the unaccustomed subject's failure to fill or empty lungs completely in each test. Spleen and lung volume, height, weight and training data from the divers were compared with the individual total scores in the competition via Pearson product-moment correlation. For an estimation of the relative contribution to apneic duration of spleen-and lung volumes, the mean values of spleen and lung volumes from the three subjects with the highest competition scores were compared to those of the three lowest-scoring divers. Between-group comparisons were completed using unpaired Student's t -tests and within-group tests using paired t -tests. The accepted level for differences was P < 0.05. A statistical multivariable regression partial least squares model, with cross-validation, was established using the software SIMCA-P+ v.12. The degree of fit (R 2 ) of the model was 63% and the model validity (Q 2 ) 55%, where the variables spleen volume, lung volume, height, number of years of apnea training and the amount of physical training per week were described by the model. A permutation test was conducted to validate the results.
RESULTS
DIVING PERFORMANCE
Mean (SE) competition dive performances of participating subjects were 75 (4) m for constant weight deep diving, 5 min 53 (39) s for static apnea and 139 (13) m for dynamic apnea, which are to our knowledge the highest mean performances reported in any subject group studied in apnea physiology. The mean total competition score for the tested divers was 211 (8) points.
CORRELATIONS BETWEEN ANTHROPOMETRIC DATA AND PERFORMANCE
Spleen volume
Mean (SE) spleen volume was 336 (32) mL with range 215-598 mL. Spleen volume was not correlated with individual height or weight, but was positively correlated with total competition score (r = 0.57; P < 0.05; Figure 1A) , and also after correction for height (r = 0.55; P < 0.05) and weight (r = 0.57; P < 0.05; Table 1 ).
Vital capacity
Mean (SE) VC was 7.3 (0.25) L with a range from 5.5 to 8.9 L. No correlation between VC and subjects height or weight was observed. There was a positive correlation between VC and total competition score (r = 0.54; P < 0.05; Figure 1B ).
Other factors
Subject height, weight, and BMI were not correlated with performance ( Table 1) . There was no correlation between performance and hours of apnea training during the month prior to the competition, but there was a trend toward negative correlation between physical training and performance (r = −0.48; P < 0.1; Table 1 ).
Multivariable analysis
Spleen-and lung volume were significantly (99%) related to the total sum of scores the divers accomplished from the three disciplines. The variables height, number of years of apnea training and the amount of apnea training or physical training per week were not significantly related to the total sum of scores. The result was confirmed by the permutation test.
ESTIMATED CONTRIBUTIONS FROM SPLEEN AND LUNG VOLUMES TO APNEIC PERFORMANCE
Effect of spleen volume
The three highest scoring divers (mean 242 pts) had a mean (SD) spleen volume of 538 (53) mL and the three lowest-scoring divers (mean 172 pts) a volume of 270 (71) mL; (P < 0.01; Figure 2 ) while height and weight of the two groups were similar, at 183 (4.7) and 183 (4.0) cm, and 77 (3) and 91 (23) kg, respectively (NS).
When the highest scoring subjects performed a 2 min apnea, their mean spleen volume decreased by 260 mL (P < 0.05; Figure 3 ). Based on the spleen volume reduction observed, the splenic blood contribution to apneic duration in high performing divers was estimated. Spleen blood contains at least double the normal hematocrit (Laub et al., 1993; Stewart and McKenzie, 2002) and with 260 mL of spleen blood being added to the circulation, equivalent in Hb content to at least 500 mL of whole blood, it could bind another 100 mL of O 2 . EstimatingVO 2 during resting apnea, based on RMR measurements via indirect calorimetry (Byrne et al., 2005) best divers could extend apneic duration by 15 s in comparison to the three lowest-scoring divers, due to the extra O 2 storage capacity resulting from the Hb expelled by their larger spleens.
Effect of vital capacity
Mean (SD) VC was 7.9 (0.36) L in the three top-scorers and 6.7 (0.19; P < 0.01) in the three lowest-scoring divers (Figure 2) . The mean VC in the three best divers was thus more than 1 L greater than in the three lowest-scoring divers, equivalent to approximately 200 mL of extra O 2 storage, allowing for an extension of apneic duration by approximately 1 min.
DISCUSSION
A significant correlation was found between accumulated competition score and both spleen volume and lung volume, despite the relatively small number of subjects investigated in this study, suggesting that both these factors may predict competitive apneic performance. There was a large span of individual variation in spleen-and lung volume among divers, showing that specific values of such traits are not necessarily prerequisite for participation at the elite level. However, from the group correlation analysis it is clear that both these factors were associated with the production of top results. This is a novel finding, which may be useful in predicting performance in apneic divers. An interesting question arising from these findings is whether apnea-specific training can increase spleen and lung size, or if successful divers self-recruit to the sport by virtue of this physiological predisposition.
SPLEEN VOLUME
Previously reported spleen volumes in the general population vary greatly, and the average in 140 healthy Caucasians of both genders was found to be 215 mL, spanning from 107 to 342 mL (Prassopoulos et al., 1997) . These values appear to be lower than the mean of 336 mL observed in our study's elite apneists. The span 215-598 mL in our studied divers starts with the normal value reported by Prassopoulos et al. (1997) . In accordance
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with that study, we found no correlation between subject height or weight and spleen volume, and they also did not find any difference between genders or age groups. Geraghty and associates reported a mean value of 238 mL in 47 mid-aged males, spanning 76-400 mL, but a volume of only 180 mL in females (Geraghty et al., 2004) . They had corrected values for height and weight using a standardized body size. When standardized for height and weight, our divers' mean spleen volume was in the 90th percentile of Geraghty and associates' observed range and the values of our three best divers more than 100 mL above their recorded maximum. Our lowest-scoring divers were in the 60th percentile, thus near the median presented by Geraghty and associates. It cannot be ruled out that differences in methods between the studies cited above and the present study could yield different results. However, in a study on 10 non-divers of both genders, using the same method for spleen measurements as in the present study but with subjects in a prone position, we found a mean spleen volume of 275 mL, with a range of 185-391 mL . This is similar to the other values reported for non-divers, but clearly less than the 336 mL found in the elite divers in the present study. Bakovic et al. (2003) reported a mean spleen volume in 10 elite divers of 344 mL, which corresponds well to the divers in the present study, but spleen volume in their control group was only slightly smaller. This is the first report of competitive apneists' spleen volumes in relation to their performance. The finding supports a previous indication that trained apneists may have larger spleens or more pronounced spleen contraction, or possibly a higher spleen hematocrit than non-divers; a greater elevation of Hb was observed after three maximal apneas in trained apneic divers compared to both non-diving athletes and sedentary non-divers (Richardson et al., 2005) . Studies by Hurford et al. (1990) , Bakovic et al. (2003) and Prommer et al. (2007) also suggest that spleen contraction could be at least somewhat augmented in apneic divers. However, in previous studies the apneas performed by the divers have been longer than for non-divers, which could possibly account for their more powerful spleen contraction.
Seal species performing deep and long during dives appear to have larger spleens that average suggesting that benefits of such traits are present in diving mammals (Qvist et al., 1986) . It is not known if training can increase mammalian spleen volume, but the spleen appears to have a high regenerative ability. After the experimental removal of 2/3 of the spleen, the remaining tissue showed compensatory growth in baboons (van Rensburg et al., 1991) . In humans, growth of a small, accessory spleen after removal of the main spleen has been demonstrated (Hong et al., 1963) and the intact human spleen increased in volume to 179% its original size within a month in parallel with liver regeneration after part of the liver had been surgically removed (Kotton and Fine, 2008) , suggesting that the same growth factors are involved. Whether our findings indicate training-stimulated growth or reflects individual predisposition can not be determined in this study, but the spleen volume of the three most successful divers is clearly in the upper FIGURE 3 | Minute to minute mean (SD) spleen volume (SV) before and after 2 min apnea in the three highest scoring divers. Significance at P < 0.05 is indicated by *.
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range of that observed in healthy humans, which may indicate this possibility.
LUNG VOLUME
Previously reported mean VC in the general adult male population was 4.1 L for 225 Caucasian subjects with a mean age of 19 years and height of 162 cm (Chiba et al., 1984; Laub et al., 1993) and after correction for differences in height, our subjects' mean VC was 158% of this reference group. Thus, the 7.3 L mean lung volume, with a span from 5.5 to 8.9 L in our study's elite divers, was well above normal. Previously reported mean VC in eight male divers was 6.1 L (span 5.6-6.7 L; Andersson et al., 2002) and 6.3 L in another group of 15 male divers (span 5.0-7.1 L; Andersson et al., 2004) , where both groups were of similar age, height, and weight as in the present study but also included recreational apnea divers. No comparison between competition results and VC among divers has been published previously, but the results are in line with studies comparing groups of non-divers with trained divers and reporting greater lung volumes in the divers (see review by Ferretti and Costa, 2003) . There is also a report of similar lung volumes between apnea divers and non-divers (Bakovic et al., 2003) .
Large lungs in skilled divers could be due to individual predisposition, increased respiratory muscle strength or chest flexibility, or it could be due to training-stimulated lung growth. A direct increase in lung volume as a response to training is suggested by the longitudinal changes in divers observed by Carey et al. (1956) . Other research suggests an enlarging effect on the lungs by high altitude exposure and by swimming, but most likely not by other sports (Gaultier and Crapo, 1997) . The presence of stem cells in lung tissue (Kotton and Fine, 2008) , as well as the observation that lobular removal of lung lobes in children may lead to regeneration to normal size within 2 years (Nakajima et al., 1998) suggests that lung growth may be induced in man, at least at a young age. It is also suggested by statements from elite divers that lung volume has been increased substantially since they started training in adult age by specific lung training protocols (personal communication), and while only minor (3%) increases in VC were observed in a study using lung packing alone in previously untrained subjects (Nygren-Bonnier et al., 2007) we have seen a larger increase in lung volume after training, using the complex training programs developed by elite divers (unpublished results).
While many mammalian divers have lung volumes comparable to terrestrial mammals, there are also semiaquatic species with large lungs, e.g., the sea otter (Lenfant et al., 1970) . With a diving pattern resembling the natural diving in humans (Bodkin et al., 2004; Schagatay et al., 2011) it is likely that sea otters also benefit from maximizing lung oxygen storage, while deep diving species may on the contrary exhale before submersing and allow lung collapse at depth.
CONTRIBUTIONS FROM SPLEEN AND LUNG TO APNEIC DURATION IN TOP ATHLETES
Extended apneic duration is required for good performance in all disciplines of competitive apnea. Previous research has shown an apnea-prolonging effect by repeated apneas in intact but not in splenectomized subjects, ascribed to splenic contraction (Schagatay et al., 2001; Bakovic et al., 2003) . A larger spleen with the ability to eject more stored red blood cells would be beneficial for the apnea diver, allowing enhancement of both body oxygen stores and asphyxia tolerance via increased buffering of CO 2 , and subsequent prolonged apneic duration. The estimated contribution of the spleen blood to apneic duration in the most successful divers, compared to the least successful divers was 15 s, based on the estimated difference in spleen volume reduction between these groups. Reported spleen volume reductions of between 18 and 35% in other studies (Hurford et al., 1990; Bakovic et al., 2003; Schagatay et al., 2005; Richardson et al., 2006) shows that the spleen contractions seen in our top three divers was indeed high, and suggests that the low scorers would probably not display a more powerful contraction. With less relative spleen contraction in low scorers the time gain in high-scorers would be even greater. It should further be noted that the single, non-maximal apnea used in this study would, perhaps not have elicited the full spleen response (Schagatay et al., 2001 . Metabolic rate during apnea performance is most likely lower than in any other sport, and apnea performance is often preceded by meditation-like stages. The VO 2 during resting apnea in 78 healthy males was found to be 2.67 mL O 2 /kg/min via indirect calorimetry (Byrne et al., 2005) which is lower than most RMR values reported. As divers have low metabolic rate, we estimated that our divers would use about 200 mL O 2 /min. It is even possible that apneicVO 2 is lower, as >20% reduction of the resting aerobic metabolism during apnea on account of the diving response has been demonstrated (Andersson et al., 2008) . In addition to the increased oxygen storage, the increased Hb during apnea would enhance the CO 2 buffering capacity and delay the urge to breathe and the individual breaking point. In competitive apnea, the differences in splenic contribution may thus play a decisive role for competition results, and spleen contraction may be initiated during the warm up procedures often seen (Schagatay, 2010) .
The mean VC in the three most successful divers studied was more than 1 L greater than in the three lowest-scoring divers, likely affecting apneic duration by adding about 200 mL of O 2 to the total body stores corresponding an additional 60 s of apnea, which shows that lung volume is a major factor for determining human apneic duration. Aside from enhanced O 2 storage, the CO 2 storage capacity would be increased by the larger VC by a dilution effect which could prolong apneas further. An enlarged VC could furthermore contribute to faster recovery after apnea by reducing relative dead space and increasing alveolar gas exchange by enlarging minute ventilation at a given respiratory frequency. This could provide additional benefits to competitive apneists, and also be important in repeated diving in for example fishing divers. However, lung volume is not known to be large among diving mammals, and some seals dive after exhalation, likely reducing buoyancy and avoiding decompression illness by limiting alveolar gas exchange when the lungs are allowed to collapse during diving (Butler, 2001 ). This may be compared to professional Ama divers, diving with only 85% of VC for repeated sea harvesting at moderate depths (Hong et al., 1963) . Thus not only positive effects result from using large lung volumes and for sub-maximal dives the optimal volume may be below total lung capacity (TLC). Competitive apneists instead fill their lungs beyond TLC by "lung packing" (Örnhagen et al., 1998) which has been shown to prolong apneas compared to diving at TLC, which in turn yielded longer apneas than using 85% of TLC (Overgaard et al., 2006) . This demonstrates the great importance of lung gas storage capacity for extended human diving. The TLC to RV ratio is also important for reaching great depths and increasing TLC without increasing RV would thus be beneficial for deep diving (Schaefer et al., 1968) .
OTHER FACTORS
Training
The tendency for a negative correlation between time spent with general physical training and apneic performance could possibly reflect a time limitation when divers spent more time with apnea related training during the weeks before the competition, but it is also in line with the previous findings that there is no increase of the diving response with increasing physical fitness (Strømme and Ingjer, 1978; Schagatay et al., 2000) . The lack of correlation between time invested in apnea training and competition result was somewhat surprising (Table 1) , as previous findings have found that apnea training enhanced diving bradycardia and prolonged apneic duration (Schagatay et al., 2000) . It is clear, however, that specific apnea training, with effects on several systems essential for apneic diving, is necessary at this level of performance, as the average time spent on apnea training in the tested group was >6 h/week.
Physiological responses and techniques
Many physiological factors aside from spleen-and lung volume are likely involved in setting the limits in competitive apnea diving (reviewed in Schagatay, 2009 Schagatay, , 2010 Schagatay, , 2011 . In the swimming disciplines, in addition to the tolerance to hypoxia, technique, and work economy are important (Schagatay, 2010) . Also the magnitude of diving response (Andersson and Schagatay, 1998a; Schagatay and Andersson, 1998) anaerobic capacity and tolerance of accumulation of hypoxia induced factors are likely factors involved in determining individual performance (Schagatay, 2010) . Baseline hematocrit is known to be high in divers (Richardson et al., 2005) , a condition which may be induced by apnea training (de Bruijn et al., 2008) . Depth disciplines are dependent on advanced training and use of specific equalization techniques to avoid squeeze when the lung is compressed below RV, and factors such as the capacity for "blood shift" (Ferrigno et al., 1987) and the ability to use free-fall (Table 2) in order to conserve energy will affect the depth reached (Schagatay, 2011) . For depth, also the neuropsychological tolerance to nitrogen narcosis (Ridgway and McFarland, 2006) will be increasingly important, and with depths increasing beyond 100 m there is also an increasing risk of developing decompression sickness on ascent (Schagatay, 2011) and a negative effect of a large lung air supply may become evident; divers may eventually have to allow lung collapse to reach further (Fitz-Clarke, 2007) .
Not only physiological features and individual results determine who participates in the world championship in a young sport like apnea. There is little financial incentive in apneic diving, and the sport is generally not supported by national talent development programs. Therefore, socioeconomic factors may also determine the circumstances for training and participation in competitions. Despite limited recruitment, there have been dramatic and continual improvements in elite apneic performance in recent years, showing that human diving capacity may approach that of some semiaquatic species, e.g., the sea otter, once the full capacity is explored. Individual spleen-and lung volume measurement may be an effective method of identifying "hidden" talent on performance. Longitudinal study is necessary to determine whether these features are inherent or acquired by apnea-specific training.
CONCLUSION
This study suggests that spleen volume as well as lung volume may contribute to successful apnea performance in humans. A correlation of spleen volume with apneic performance has never been described before but is functionally logical, as ejection of additional red blood cells to circulation will both enhance oxygen storage and CO 2 buffering capacity. Lung volume has previously been reported to be greater in divers than in non-divers, but this is the first report connecting VC to apnea competition results on the individual level. Studies of performance-predicting factors in competitive apnea will provide a functional evaluation of human apneic diving ability in a mammalian context and, from a sports perspective, it may help to identify talent and aid divers in improving training techniques and performance.
